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Abstract 
This paper gives an overview of methods developed for tissue motion estimation using transverse oscillation images (TO). TO 
images are specific radio-frequency ultrasound images featuring oscillations in both spatial directions. First the way the idea of 
TO is born, is recalled. Then the beamforming methods that lead to TO images are given detailing the receive only approach and 
the transmit and receive approach using synthetic aperture data. The different medical applications where TO has been used are 
given (blood flow, elastography and echocardiography), showing how it can improve motion estimation. Finally a discussion 
gives the perspective of TO. 
PACS: 87.57._s ; 87.63.D_ ; 87.85._d ; 43.60._c 
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1. Introduction 
It is well known that assessing information about the local motion, strain or velocity of organs can help to 
diagnose many pathologies. A way to obtain this information is to acquire a series of medical images from the 
moving organ and then estimate the motion between the images. Using estimated motion fields, it is then possible to 
estimate also velocities or deformations. Among the different imaging modalities, ultrasound imaging is an 
interesting candidate because it enables real-time acquisition, it is non invasive and not ionizing and relatively cheap 
compared to other imaging modalities (e.g. CT or MRI). Of course it cannot be perfect and one of its main drawback 
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lies in its low ability to provide accurate motion estimates in the direction perpendicular to beam axis, also called the 
transverse direction. 
The difficulty to estimate accurately transverse motion is due to the nature of the images which are highly 
anisotropic. Indeed the radio-frequency (RF) images are oscillating in the axial direction, which is due to the 
impulse response of the transducers used to make the images, and show lateral profiles with slow variations. 
Starting from this statement an interesting approach to the problem is to modify the way ultrasound images are 
produced, in order to adapt them to transverse motion estimation. The idea is to produce images with oscillations in 
both directions of space. To make the difference with conventional ultrasound images those images are called
transverse oscillations images (TO). 
In this paper we will first recall where the idea of making TO images comes from and explain the motion 
estimation technique that motivated us to produce this kind of images. Then we give the assumptions and the 
different beamforming strategies that enable to obtain TO images in a linear geometry. We also give the limits of the 
different approaches. We give early results in the case of a sectorial geometry of acquisition. We finish the paper 
with a discussion about this method and the future possibilities and a general conclusion. 
2. Motions estimators that need oscillations 
2.1. 1D methods using phase information  
Estimating translations that occur along a 1D signal can be done different ways. The most straightforward is 
probably the block matching approach using simply the amplitude of the signals. Given two signals that are locally 
shifted, the principle of block matching is to select one block or window from the first signal and find where in the 
second signal lays the best matching block. This best matching position is found by sweeping the first window over 
the second signal calculating for each position a matching criterion and maximizing this criterion. Different 
criterions have been used like normalized cross correlation, opposite sum of absolute or squared differences etc… 
The main drawback of this approach is its important processing cost, and the need for interpolation strategies to find 
sub-pixel motion values. This approach has been used for axial motion estimation along medical ultrasound signals 
for elasticity imaging [1]. 
Another approach is to use complex analytical signals calculated from the two shifted signals. If such signals are 
calculated it is possible to work not only with the amplitude of the RF or envelope signals but also with their phase. 
Indeed it is well known that the phase of the complex cross correlation function between two shifted signals crosses 
zero at the time lag between the two signals. From this statement it is possible to estimate the motion between two 
signals using for example a modified iterative Newton algorithm [2]. 
But even more interesting is the fact that ultrasound RF signals have a strong oscillating characteristic and it can 
be shown that the phase of the complex correlation function between such signals is a straight line with slope equal 
to the oscillations central frequency. It is then possible to estimate its zero crossing using an analytical estimator as 
the equation of the function is known and only its parameters have to be estimated. This has also been done in [2]. It 
has also been shown that it is possible to develop an analytical estimator working with the complex correlation 
imaginary part [3]. Even estimators of the local strain have been developed using this approach. [4] [5]. 
The approach with the analytical estimator is extremely interesting and works well for axial motion estimation. It 
is fast, robust and it provides sub-pixel motion estimates without interpolation scheme. However in all applications 
there is a need of multidimensional motion estimation. At least the two components of the motion inside the image 
plane are needed. This is the reason why people have tried to develop methods based on the same approach for 2D 
motion estimation. 
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2.2. 2D image model and adapted estimator
2.2.1. Approaches using phase and conventional images, and the need for TO
The first approaches that used phase information for transverse motion estimation were applied on conventional
images delivered by ultrasound scanner. For example Sumi et al. presented a method estimating the displacement
vector as the gradient of the phase of the cross-spectrum computed by performing conjugate multiplication of the 2-
D discrete Fourier transforms [6].
More recently Chen et al proposed an approach in witch 2D analytical signals are used and a synthetic phase is
created [7]. 
Those methods don’t need any modification of the ultrasound system which is of course a big advantage.
However they can be improved developing specific images. Indeed, in [7], one conclusion is that the phase slope has
to be increased to improve estimation accuracy. And the group of Sumi also developed specific images to improve
their methods. One important aspect also is that a controlled model of images can lead to analytical estimators which
are usually faster than iterative numerical approaches, or optimization approaches.
TO images are one possible solution to obtain analytical estimators able to improve transverse motion estimation
accuracy using phase information.
2.2.2. The estimators used with transverse oscillating images
Before explaining how TO images can be obtained, the principle of different estimators based on TO images are 
presented.
Our group first developed a twice 1D approach to estimate the transverse motion [8] or strain [9]. In this case 1D
axial or lateral windows were extracted from the signals and the motion was estimated as the phase zero crossing of 
the complex correlation function. Even if it gave encouraging results the twice 1D approach is limited and methods
using 2D windows had to be developed.
We proposed a 2-D estimator that uses four phases calculated using multidimensional analytic signals. To
compute these phases, two single orthant 2-D analytic signals are applied to the 2-D windows before and after
displacement [10]. Applied to TO images, the analytic signals are chosen so that the obtained phases follow a linear
model in both directions. We showed that they allow us to analytically solve the 2-D displacement estimation
problem [11]. This estimator has several advantages. First, it uses the spatial phase so there is no need to compute
the complex cross-correlation as with most phase delay estimators. This, combined with its analytical form, makes it 
more computer efficient than other phase estimators. Second, like most estimators using the complex signal phases,
it presents the advantage of unaltered accuracy when low sampled signals are used. Third, the mathematical
formulation of the estimator is n-D [11], so it could be used to estimate the three components of the displacement
vectors.
3. Beamforming methods to obtain transverse oscillations images
3.1. General model and assumptions
In order t to obtain ultrasound RF images with TO it is necessary that the point spread function (PSF) also shows
oscillations. In order no to be influenced by PSF variations inside the medium the beamforming strategies that are
co im at producing PSF having as much as possible the same shape in the whole imaged medium. Let 
be the 2D PSF, with z the axial direction, along the beam axis and x the transverse direction perpendicular
to the beam axis. A separable PSF both spatially and in transmit receive is considered, as given in equation (1) 
n
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where  and are the transmit and receive transverse profiles and  is the pulse echo axial profile. 
Different kinds of TO PSF can be used but all of them are based on an axial and a transverse modulation limited
by an axial and a transverse window as given in equation (2)
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The axial profile of the PSF is related to the excitation pulse and to the impulse response of the transducer
elements used. As a consequence the axial modulation is naturally present in the axial PSF profile and the window
can be adapted using specific excitation pulses. The degrees of freedom that enable to control the transverse profile
of the PSF are the delay between the elements used in transmit and in receive and the weighting coefficients applied
to each element in transmit and in receive.
In order to design those parameters, the commonly used Fraunhoffer approximation is made. This approximation
tells us that a focused beam has a profile equal to the Fourier transform of the aperture used as expressed in equation
(4)
O
­ ½§ · ® ¾¨ ¸© ¹¯ ¿
xh x TF w
z  (4)
with O  the wavelength of the emitted pulse. The Fraunhoffer approximation is limited to the focal point. This
means that each time that it has to be used, the delays have to be chosen to have a focused beam. A focused beam is
obtained by compensating the differences in traveling time from each element to the focal point. It can be done in
transmit or in receive.
3.2. Receive beamforming only
Receive beamforming is much easier to get dynamic than transmit. Indeed once the pulse has been transmitted it
is not possible to change it anymore leading, for example, to only one focal point in transmit. There are different
ways to combine several transmissions to make dynamic beamforming also in transmit. One is based on synthetic
aperture and will be discussed in the next section.
The first approach to obtain TO is based on the emission of a broad plane wave which is supposed to affect the
transverse PSF profile as less as possible in order to control the lateral PSF profile only during receive. In this case 
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In order to have a relatively constant PSF profile as a function of depth, the beamforming has to be changed
dynamically and this for two reasons.
First, if Fraunhoffer approximation is used for the whole depth of investigation, the beam has to be focused all
along the beam axis. The delays have to be changed dynamically as a function of receive time.
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Also it can be noticed in (4) that the relation between apodization and beam profile depends on the depth z . So if
the apodization is constant, the beam profile will change as a function of depth. The solution is to compensate for this
by modifying also the apodization function dynamically.
Now receive apodization function can be calculated using (4), which leads to (6) that shows two Gaussian
functions “peaks” of width at half maximum .
0V x  is the position of the peaks on the aperture. jx  is spatial
lateral position of element j :
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3.3. Transmit and receive beamforming
Being focused both in transmit and receive is possible for 1 single point if conventional imaging is used. In order 
to have a dynamic focusing and apodization both in transmit and in receive it is necessary to have access to a full
synthetic aperture data set, i.e. all raw signals from any element in transmit to any element in receive. A review of 
synthetic aperture imaging techniques can be found in [12].
In this case, the approach to obtain TO images is to focus dynamically in transmit and in receive and to use the
even version of (6) as transmit apodization function which can be expressed as
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In order to make the difference with with (6) the element number in transmit is denoted .
The resulting PSF lateral profile is now
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with '
2
OO  xx  and '
2
VV  xx witch means faster oscillations and better resolution.
3.4. Heterodyning Demodulation
To obtain TO PSF with even faster oscillations, it is possible to use a specific processing called heterodyning
demodulation, which not only increases the lateral oscillations frequency but also suppresses the axial oscillations.
This requires using the technique presented by Anderson in [13]. This technique combines an initial PSF with its
Hilbert transforms in the axial and lateral directions. As used in [14], it removes the axial oscillations and doubles
the lateral oscillation’s frequency. Beginning from a PSF having expression of equation (3) it is possible to obtain a 
PSF that can be approximated by following expression : 
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Theoretically, combining synthetic aperture imaging and the heterodyning demodulation increases the lateral
oscillation frequency by a factor of 4 compared to the previous TO approaches using receive beamforming only and
increases the resolution by a factor 2.
An illustration of the different PSF that can be obtained is shown in Fig.1. 
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Fig.2  Image from [19] representing VVI obtained with TO. Fig.3  2D displacement map from experimental data 
ion can be found in [17]. The study about blood flow uses the receive beamforming only approach. It is still
un r investigation, and it is the medical application which is probably the closest to clinical application as it has
been tested in vivo [18] [19]. A recent result is shown in Fig.2.
transverse oscillations in elastography. The group of Sumi [21] and our
sion of the transverse profile function that are used and the estimators.
[22] but we developed the transmit and receive approach and showed 
cy  [22]. One result of elastography can be found in Figure 3.
O for cardiac motion imaging. The approach here has to be adapted
phased array steering between the ribs and performing a sectorial scanning of the
medium. In this situation a modified version of the receive beamforming only approach has been used. A plane
ts of th
ization is fixed once for all. Indeed as the beam the lateral profiles look
acquired on PVA cryogel phantom. Result from [20].
4. Use of transverse oscillations
4.1. Blood flow
The initial idea of producing pressure fields with transverse oscillations has been used for blood flow by Jensen
et al. [15] and by Anderson  [16]. The estimator used are not the same as those developed by our group but a
descript
de
4.2. Elastography
Mainly two groups are working with
group. The difference is mainly in the expres
We first used the receive only approach
that it can greatly improve estimation accura
4.3. Echocardiography
We really recently decided to try to use T
because imaging is done using a 
wave is steered in a direction using all elemen
apod
e phased array. Dynamic focusing is used in receive but the
s spread out as a function of depth,
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 in polar coordinates without changing the apodization function [23]. Such a PSF can be 
seen in Fig.4. 
constant looking at them
The same 2D estimator as the one used for elastography [11] has been tested on simulated sectorial data in the 
polar coordinate system. It has shown to be more robust than 2D SAD based block matching. This is illustrated in 
Fig.5. 
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Fig.4  TO PSF obtained in sectorial geometry. Result from 
[23]. 
Fig.5  Motion estimation results with TO in sectorial geometry compared to 
SAD based block matching. Result from [23]. 
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betw  images will probably not 
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reca in section C it is possible to increase it using the heterodyning demodulation, but the limited size of the 
rming 
bas is is 
 TO 
T or that will have to be studied. For example the 
s
T  n-D formalism which can be used 
ys but 
probes 
o 3D 
of 
dep
T ches for motion estimation.  
Motion estimators working with complex analytical signals have been the main motivation for the development 
of those methods. The imaging approach is based on a PSF having oscillations in both directions of space. It can be 
produced by receive only or by transmit and receive beamforming. In both cases the PSF transverse profiles is 
controlled using dynamic focusing along with an apodization function featuring two peaks. The apodization is the 
key parameter of TO images. The different medical applications under investigation are blood flow, elastography 
and echocardiography. 
The potential of this approach is extremely important and it gets close to clinical validation. 
From a methodological point of view there are still some challenging points as the extension to 3D, or the 
development of estimators adapted to a sectorial acquisition scheme. 
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